A transition metal-and solvent-free procedure for the reaction of aryl diazonium tetrafluoroborates and thiols or selenols over alumina surface under ball-milling at ambient temperature, has been developed for the synthesis of unsymmetrical diaryl or aryl-alkyl sulfides and selenides. A wide range of functionalized diaryl or aryl-alkyl sulfides and selenides were obtained in high yields and high purity within a short reaction time (5-8 min.) by this protocol.
Introduction
The aryl-chalcogen bond forming reactions leading to the formation of aryl chalcogenides have received considerable attention because of their potential biological, pharmaceutical and material importance. [1] [2] [3] [4] Moreover organic chalcogenides have useful applications in organic synthesis as intermediates 5 and catalysts. 6 Hence there has been an obvious interest towards the development of synthetic methodologies for the synthesis of these compounds. The majority of the reported protocols involved transition metals like Pd, [7] [8] Cu, [9] [10] [11] [12] Ni, [13] [14] [15] and Fe [16] [17] [18] in the reaction of aryl halides or aryl boronic acids to form chalcogenides. But few transition metal-free procedures were also reported for the reaction of aryl diazonium salts and lithium, sodium and potassium salt of arene thiolate / selenolate/ tellurolate. [19] [20] [21] 
Results and Discussion
To optimize the reaction conditions, a series of experiments were carried out with variation of grinding auxiliary, base and time-for a representative reaction of 4-methoxybenzene diazonium tetrafluoroborate and 4-bromothiophenol. The results are summarized in Table 1 . A variety of bases including NaOH, KOH, K 2 CO 3 , Cs 2 CO 3 were studied in presence of various grinding auxiliary such as neutral, acidic and basic alumina, and silica gel. But the best result in terms of yield and time was obtained by carrying out the representative reaction in neutral alumina in presence of K 2 CO 3 under ball-milling at 600 rpm (Table 1 , entry 7). It was also observed that when the reaction was carried out in basic alumina without using any base, the yield of the corresponding product was substantially reduced ( Table 1, entry 14) . Significantly, when the reaction was carried out under identical reaction conditions in a conventional way without ball milling for 30 minutes, the 4-bromodiphenyl disulfide was formed as sole product due to homocoupling of 4-bromothiophenol. This demonstrates the vital role of ball milling for this reaction. Thus, in a typical reaction procedure, aryl diazonium fluoroborate (1 mmol) and thiophenol (1.1 mmol) were adsorbed onto the surface of neutral alumina and then the mixture was milled in a planetary ball-mill at 600 rpm for a required period of time. Several diversely substituted aryl diazonium fluoroborates underwent reactions with various aryl, heteroaryl and alkyl thiols by this procedure to produce a library of unsymmetrical aryl-aryl, aryl-heteroaryl and aryl-alkyl sulfides. The results are reported in Table 2 . Both electron donating (4-OMe) ( Table 2 , entries 1 and 8) and electron withdrawing (4-CN, 4-CHO, 4-CF 3 , 4-NO 2 , 3-COCH 3 ) ( Table 2 , entries 2, 4-7) group substituted aryl diazonium fluoroborates reacted smoothly with a variety of thiols and the functional groups remained inert under the reaction conditions. Moreover, diversely substituted thiophenols also underwent reactions without any difficulty. Significantly, sterically hindered thiophenol, 2,6-dimethylthiophenol reacted cleanly with 4-cyanobenzene and 2-bromobenzene diazonium tetrafluoroborate to produce the corresponding products ( Table 2 , entries 2-3). 2-Mercaptopyridine also participated in this reaction to produce the corresponding aryl heteroaryl sulfide ( Table 2 , entry 4). Aliphatic thiols, benzyl mercaptan and octadecanethiol were successfully converted to the corresponding aryl-alkyl sulfides ( Table 2 , entries 6 and 8). To make this procedure more convenient we attempted an in situ diazotization of anilines using t-BuONO and subsequent reaction with 4-bromothiophenol. However, the reaction was successful only in case of p-anisidine (Scheme 2a). A wide variety of diversely substituted aryldiazonium fluoroborates underwent reactions with phenylselenol under similar reaction conditions to produce the corresponding unsymmetrical aryl phenyl selenides. The results are summarized in Table 3 . Both electron donating (4-OMe, 4-Me) ( Table 3 , entries 1 and 2) and electron withdrawing (3-Cl, 4-CO 2 CH 3 , 4-Br, 4-CF 3 , 4-CN) ( Table  3 , entries 3-7) group substituted aryl diazonium fluoroborates reacted efficiently. The base sensitive functionalities like COOCH 3 , CN, remain unaffected under the reaction conditions. In general, the reactions are clean and high yielding. Most significantly the reactions are complete within a very short period (5-8 min.). After the reaction was over, the product was purified by simple work-up and column chromatography. The grinding auxiliary, alumina, was washed with ethanol and dried in the oven at 140 o C for two hours to make it ready for the next run. 
Conclusion
In conclusion we have developed an improved and efficient methodology for the synthesis of unsymmetrical diaryl, aryl-heteroaryl and aryl-alkyl sulfides and diaryl selenides starting from aryl diazonium fluoroborate and thiol or selenol under ball-milling. The notable advantages of this procedure are high yield and high purity of products, short reaction time (5-8 min.), recyclability of grinding auxiliary, no use of transition metal, catalyst and solvent. We believe that this will make a useful addition to the existing methods for the synthesis of sulfides and selenides.
Experimental Section
General. A PM 100 Retsch GmbH, Germany, ball-milling apparatus was used for all reactions. General Procedure for the Synthesis of Diaryl/ArylHeteroaryl Sulfides. Representative Experimental Procedure for the Synthesis of (4-bromophenyl)(4-methoxyphenyl)sulfane (Table 2 , Entry 1). A mixture of 4-methoxy diazonium tetrafluoroborate (272 mg, 1 mmol), 4-bromobenzenethiol (206 mg, 1.1 mmol), and K 2 CO 3 (69 mg, 0. 5 mmol/ 0.5 equivalent) adsorbed on neutral alumina (3 g) was ball-milled in a 25 mL stainless steel beaker with six balls (d = 10 mm) of the same material at 600 rpm for 5 min (Caution: The diazonium salts are, in general, susceptible to explosion on heating/grinding, although we did not encounter any such incidence during our investigation. However the reactions should be performed in a closed fume cupboard.). The ball-milling operation was performed using inverted rotation directions, with an interval of 2 minutes and taking an interval break of 30 s. Extraction of the reaction residue by simple elution with ethanol or ethyl acetate followed by evaporation of the solvent gave the crude product, which was purified by a short column chromatography over silica gel (60−120 mesh) using Tables 2 and 3 . Almost all of these products are known compounds (see the references in Tables  2, 3 ) and were easily identified by comparison of their spectroscopic data with those previously reported. The unknown compounds ( Table 2 , entries 2 and 7) were characterized by their IR and 1 H and 13 C NMR spectroscopic data and elemental analysis. These data are given below in the order of their entries in Table 2 . 4-(2,6-Dimethylphenylthio)benzonitrile ( BuONO (113 mg, 1.1 mmol,) adsorbed on silica gel (3 g) was ball-milled in a 25 mL stainless steel beaker with six balls (d = 10 mm) of the same material at 600 rpm for 3 min. The ball-milling operation was performed using inverted rotation directions, with an interval of 2 minutes and taking an interval break of 30 s. Then on the same pot 4-bromobenzenethiol (189 mg, 1 mmol) and K 2 CO 3 (69 mg, 0. 5 mmol) were added simultaneously and the reaction mixture was ball-milled for 5 min. at 600 rpm. Extraction of the reaction residue by simple elution with ethanol or ethyl acetate followed by evaporation of the solvent gave the crude product, which was purified by a short column chromatography over silica gel (60−120 mesh) using a 9:1 hexane/diethyl ether mixed solvent as eluant to give (4-bromophenyl)(4-methoxyphenyl)sulfane as a white solid (263 mg, 90%).
